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HOIJXRS 011 535-A-5 TUIMJEF EEGINE 

By Riohard L. Golladay ami Hamy E. Blocmer 

An investigation of thru5t augmentation was oozzkoted on an 
axial-flow-ooqreesor turbojet eaglne in the EACA Lewie altitude 
vi& tunnel 0-r a range of simnlated flight oonditione. Per- 
formance aab operational oharaoterletice of several fuel-mole& 
stage-type flame holders and fuel s~etema were deterprined for a 
29-inch-dfameter tail-pipe burner. 

OperatZon with a three-stage-type flame holder haring the 
large stage upetreamwas the met effioient. Injecting fuel 
upstream of the flame holder inoreaeed the a&u&ion efficfenay 
elightly at high altitude, but the data were inconclmive at lover 
altitlldea. Of the five etage-type flame holders imeetigated, the 
highest ccmibuetion efficiency was 0.87 and was obtained with the 
flame holder having three stages; however, the perfomanoe obtained 
in another fnveetigatian with a two-annular V-gutter flame holder 
was elightly better than with the stage-type flame holders. 

In a broad reeearoh program on thruet a-t&ion belong 
oonducted at the WA Lewie laboratory, inrestigatiozu (refer- 
emes 1 to 4) have ahown that ntilizution of the tail-pipe-bnrn5ng 
crole ie a praot~calmeane of inoreaaing the thrust of turbojet 
engines. Ae part of thti research program, an investigation of 
the eff~tobtail-pipe-burnerdesign~iablee onburnerpar- 
formnce and operation cwer a tide range of rrtilated-flight con- 
ditions is being condtzcted in the Lewis altitude wind tunnel. Part 
of this investigation ie reported in references 5 and 6. In order 
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to obtain information that could be applied in designing tail-pipe 
burners, a study was made to determine the effeut of flame-holder 
design, methods of fuel injwtion, a& burner Qisensions on the 
following burner requirements: 

1. Msximwn thrust with high ocsibustion effioienoy 

2. Stable burner operation over a wide range of fuel-air 
rstios snd flight conditions 

3. Adequate tail-pipe cooling . 

4. Dependable starting 

5. Minimum loss in thrust with burner inoperative 

!t?heworkreported inreferences lto 4was largely devoted to 
exploratory investigations, during which some of the general per- 
formanue and operatlonal ohsracteristios cf tail-pipe burners were 
detezmirmd.. The results of these investigationa estabUshed the back- 
ground necesssry to plan the present phase of afterburner research so 
as to cover the wrtant considerations of tail-pipe-burner design. 

In the phase of the t8fl-pipe-btW'ning work reported herein, 
the effect of fuel distribution with several fuel-cooled stage- 
type flame holders on burner performance and range of stable oom- 
bustion was studied in a 29-inch-diameter tail-pipe burner installed 
on a 535-A-5 turbojet engine. This study of stage-type 
flame holdem represents an effort to achieve an irmrease in oom- 
bustion efficiency by partly submerging the latter stages of the 
flsme holders in the flame from the preceding stage. Beoause of 
the requirement that the sumessive stages of the flsme holders 
be oooled, it wes neoessary to use fuel as the ooolsnt. Fuel was 
therefore Injected from the flame holder. 

With each oonflguratlon, data were obtained over a range of 
simulated-flight oorditlons and tail-pipe-burner fuel-air ratios. 
These data are compared to show the effeot of fuel distribution 
and flame-holder type on tall-pipe oombustlon efficiency snd 
exhaust-gas temperature. The over-all perfoman ce of the two con- 
figurations that had the highest oombustion efficiercy are compared 
with the best configuration reported in reference 5. Altitude oper- 
ating range, tail-pipe fuel ignition, and shell cooling are also 
discussed. 
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The J35-A-5 engine used in this iuvestifgttion has an XL-stage 
axial.-flow oompreseor, eight cylindrical through-flow oombustion 
chambers, and a single-stage turbine. The sea-level statio thrust 
is 4000 pourads at an engine speed of 7700 w a& a turbine-outlet 
temperature of I.2500 F (17100 R). At thie operating condition, 
the air flow is approximately 75 pounds per secmnd aad the fuel 
oonsumption is 4400 pounder per hour. The over-811 length of the 
engine with standard-engine tail pipe is about 15 feet and the 
maximum diameter is about 38 inohea. The rated operating con- 

dition of the standard engine wes obtained tith a &@mh- 
diameter exhaust nozzle. 

Fuel aonfoming to epecification AH-F-32 (kerosene), with a 
lower heating value of 18,550 Btu per pound and a hydrogen-carbon 
ratio of 0.155, was used in the engine. Fuel confoming to speoi- 
fication AR-F-48b, grade 80, unleaded gssoline, with a lower heat- 
ing yalue of 19,000 Btu per poti and a hydrogen-carbon ratio of 
0.186, &s used in the tail-pipe burner. 

For this investigation, the standszd-engine tail pipe wae 
replaoed by a tail-pipe-burner assembly attaohed to the turbine 
flange. The engine and tail-pipe burner were mounted o&a wing 
section in the 20-foot-dismeter test section of the altitude wind 
tunnel (fig. 1). Refrigerated air was supplied to the engine 
through a duct fYcnn the ttmnel make-up air systenn. This duct was 
connected to the engine through a slip join% with a frictionless 
seal, vhioh made possible the nteasurement of thrust with the 
tunnel-balance soale system. Air was throttled from approximately 
eea-level preseure to the desired pressure at the engine inlet; 
the pressure in the tunnel test section was maintained at the 
desired altitude. In order tq simplify the installation ad pro- 
vide aocessibility, no cowling was installed. 

Tail-Pipe-Burner AsseI!ibly 

The over-all length of the engine end tail-pipe burner was 
approximately.18$ feet. The tail-pipe-burner assembly oonsisted 
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of three eections: (1) a dwfuser with an smular cross section, 
(2) a oylidrical burner eeotion, and (3) a conioal e&zmst nozzle. 
A eection draxLng of the installation with a typisal flsme holder 
and fuel system iustalled is shown in figure 2. The outlet-to- 
inlet area ratio of the diffuser was 1.75. 'Ilhe burner section wes 
4 feet in length and had an inside diameter of .29 inches. A 
variable-area exhaust nozzle that would operate satisfactorily 
with tail-pipe burning was unavailable at the time of the investi- 
gation; a uonical exhaust nozzle vas therefore used. 

The flame holders used in this phase of the investigation 
were designed to provide annular flams seats at several stations 
in the burner section. The diameter of the annular flame seats 
either increased or deareased in uniform steps so that each stage 
of the flame holder after the firet wes located where it would be 
partly engulfed by the wake, and oonsequently by the flame, from 
the preceding stage. This fleme-holder arrangement was investi- 
gated in an effort to improve the combustion effioiency by placing 
most of the flame-seating area in the vioinity of high-temperature 
burning gases, as indicated in reference 7. The main structural 
member of each stage was BP Inoonel tube through which fuel was 
oiraulated to prevent the stagee engulfed in fleme from overheating. 
These tubes also served as fuel injectors. Strips of l/8-inoh 
Inconel were welded to the tubes so as to fornr annular v gutters 
(fig. 3). 

The five configurations of the fuel-oooled stage-type flame 
holder and fuel system investigated are shown in figare 4. The 
arrangements investigated in each oonfiguration are indioated; in 
the following table: 
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Con- Fig- 
fig- ure 
ura- 
tion 

+ 

A 4(a) 

D 4(d) 

Flame holder 

Five-stage V-gutter 
contour; small 
stage upstream 
Five-stage V-gutter 
contour; large 
stage upstream 

Projected 
areaof 
flame 

holder 

:Fz:z 
- 

56 

56 

Two-stage V-gutter 
contour; large 
stage upstream 

Thre~ehage V- 
gutter contour; 
large stage 
upstream 

42 

59 

Three-stage V- 
gutter contour; 
large stage 
upstream 

59 

Fuel-injection systarn 

Impinging jets dire&ad 
upstream and downekresm 

Impinging jets directed 
upstresmanddmmstream. 
Also 12 impinging-jet 
fuel-injector bars looated 
qetream of flame holder 
a& spraying fuel upstream. 
Injectors used only for 
startina 
Jets directed upstrea2a in 
large stage; orifices 
upstreemand45o inwmd 
&sniallstage 
Jets dirsoted upstream 

Jets directed upstream of 
two rear stages only. 
Also 12 fuel-injeotor bsrs 
upstream of flsme holder, 
s'prayingatrightangles 
to @aa flow 

Configuration A. - The flame holder used in configuration A 
had five amular V-gutter stages and was arranged with the mallest- 
diameter stage upstream (fig--g(a)). Impinging fuel jets were 
drilled in the upstream and downstream sides aE' each stage except 
for stage 1 (the small stage), whi& had jets on the uptresm side 
Onlg-. These sets of impinging jets were equally spaced etnd arranged 
in such a manner thatateachatage, except the first one, twioe 
as mtzch fuel was injected up&ream ss down&rem. The orifices 
were located to provide a locally rich mixture over the first stage 

. ,- 
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and aunifommSxture overtheremainingstages. Fuelwas brought 
to the fieme holder through three tubes located in the plsne of 

. the second stage end delivered to the other &ages through three 
headers (fig. 3). No cooling linerwas 1nstalled;suexhaust 
nozzle with au area of 321 square in&es was used. At the down- 
stream end of the diffuser inner cone a sheltered cone pilot for 
igniting the tai;-pipe fuel wes provided (figs. 5 and 6). The 
oone piTot was q inches in diameter and 4 inches deep; it was 
fitted tith a oonioal fuel-spray nozzle a& two spark plugs. 

Configuration B. - The mime annular V gutters were used in 
configuration B as in aoufiguration A; however, the stages were 
amxmged with the largeetdiameter stage upstream (fig. 4(b)). 
Reversing the stages in ccmfiguratiou B was intended to imhce 
more of the gases to flov toward the center of the burner where 
the velocity was initially low, thereby giving a more unffom 
velouity distribution across the burner than vaa obtained with 
configuratiou A. The impinging jets in the fuel tubes of saoh 
stage were the same as for configuration A; in addition, 12 
implngiug-jet fuel injectors were installed in the diffuser to 
aid in ignitin& the-burner. A oooling liner was installed that 
ertetied from a plane 11 inches downstream of the burner-section 
inlet to the burner outlet. A 7/16-inch radial space was protided 
between the liner and the burner shell, throt& which flowed part 
of the gas at approximately turbine-outlet temperature. !t!iie 
exhaust-nozzle area wss 316 square Inches; the ignition systemwss 
the sam as that used with oonfiguration A. 

Configtxration C. -'In order to determine the performmoe with 
a minimum number cf flmne-holding stages, configuration C 
(fig. 4(c)), whiah had only two stages, was investigated. The 
lazger stage was located up&rem. Fuel was Injected in an 
upstream direction fret both stages through orifioes In the lead- 
ing edgea of the fuel tubes. In order to provide fuel at the 
center oftheburner, part of thefuelinthe seoopbstagewas 
injected through orifices toward the aentsr of the bumer at au 
angle of 45O. Fuelwas itiependently suppliedto esah stage and 
it was possible to mry the fuel distribution between the stages 
during qeration. Fortheperformanc e data prrissented, amarl- 
mate4 50 percent of the fuel was injeoted through each stage. 
Aaoolinglinerwas install~thatexte&ed thefulllengthof the 
burner section; a l/2-In& radial epaoe was provided between the 
liner and the burner ehell. The euhaust-nozzle area and the 
iguitlon system were the same as those used vith confIguratIon B. 
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~(fig.C~$;~tion D. - The three stages of configuration D 
were desimed to have about the same blocked area as 

configurations A and B; these stages vere also located with the 
Ierger one upstream. Fuel was injected in an upstream direction 
from each stage through orifices ln the leading edges of the fuel 
tubes. FuelwEte povided to each of the stages independently and 
it was possible to vary the fuel distribution among the stages 
during operation. The performan ce data presented were obtained 
with approximately 65 peroent of the fuel to the upstream stage, 
20 percent to the middle stage, and 15 percent to the downstream 
stage. The cooling liner, the exhaust-nozzle area, and the 
l&tion systemwere the same as those used with configuration C. 

ConfiguratIon E. - The flams holder, the cooling liner, and 
the exhaust-nozzle area of configuration E (fig. 4(e)) were the 
same es those of configuration D. The fuel distribution, however, 
was changed fromthatof configuration Dby injectlng25 percent 
of the fuel from the second and third stages of the flame holder 
and 75 percent from a set of 12 fuel injeotors, which were located 
upstream of the flame holder. These Injectors sprayed fuel at 
right angles to the gas flow. The tall-pipe fuelwes ignited by 
a "torch Igniter" (fig. 6), which consisted of a momentary injection 
of high-pressure fuel. in one of the engine combustion chambers 
that resulted in a flash of flame through the turbine. This system 
is described ln reference 5. 

Pressure and temperature instrumentation was installed at 
several measuring stations through the engine and tall-pipe burner 
(fig. 2). Engine air flow was measured by the use of survey rakes 
mounted at the engine inlet, station 1; a ccunplete pressure and 
temperature survey was obtained at the turbine outlet, station 6; 
and static-pressure measurements were made at the burner-section 
inlet, station 7. A totaI-pressure survey was obtained 1 inch 
upstream of the exhaust-nozzle outlet, station 8, with a water- 
cooled surveyrake. In order to obtain a correction that could- 
be edded to the scale thrust measurements, the drag of the water- 
cooled rake wes obtained by means of a hydraulic-balance-piston 
mechanism. kngine and tail-pipe-burner fuel flows were measured 
by calibrated rotameters. 
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Operational characteristics were studied and performance data 
were obtained with the five tail-pipe-burner configurations over 
a range of simulated altitudes fram 5000 to 40,000 feet arai flight 
Mach numbers frcm 0.27 to 1.07. At each flight concliticm, the 
engine was operated at rated speed, 7700 rpm, ani data were 
obtained over a range of tail-pipe fuel-air ratios. Dry refrig- 
erated air was supplied to the engine at the stRnn temperature 
for each flight condition, except that the minimum temperature 
obtained was about -20° F. Total pressure at the engine inlet was 
regulated to correspond to the desired pressure at each flight con- 
dition with complete free-stream total-pressure recovery. . 

Because all the data were obtained with a fixed-area exhaust 
nozzle, limiting turbine-outlet temperature could be obtained with 
each configuration at only one value of tail-pipe fuel-air ratio 
at each flight condition. The burner performance obtained there- 
fore does not represent the performance that might be obtained 
with a varriable-area exhaust nozzle. Theuse of afixed-area 
exhaust nozzle, however, provided the moat expeditious means of 
comparing the performance of the various modifications. The over- 
all performance is presented as a function of flight Kaoh number 
for a turbine-outlet temperature of 1600° R. For configurations 
where the fuel distribution could be adjusted among the several 
planes of injection during operation, the fuel distribution was 
systematically varied until the maxImum thrust was obtained at a 
given tail-pipe fuel-air ratio and flight condition. This distri- 
bution was then used to obtain burner performance over the oper- 
able range of flight conditions. Fuel distributions used for each 
of the configurations sre indioated in table I. 

The minimum tail-pipe fuel-air ratio wss determined by lean 
combustion blow-out and the maximum fuel-air ratio by rich ccm- 
bustion blow-out, limiting turbine-outlet temperature, or the 
capacity of the fuel supply. Tail-pipe fuel-air ratio is defined 
as the ratio of the weight flow of tail-pipe fuel to the unburned 
air entering the tail pipe. 

. 

l 

The values of thrust presented were measured with the balance 
scales and represent the actual thrust obtainable with the exhaust 
nozzle used. Exhaust-gas temperature was calculated from total- 
preseure measurements at the exhaust-nozzle outlet by an experi- 
mentally determined flow coefficient. 
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The probable limits of errs in detemining jet thrust, 
exhaust-gas temperature, and ccurbusti~ efficiency are &l&*3, 
and f5 percent, respectively. The eymbola audthe methods of oal- 
culatlon used in the reduction of data are msented in the 
appendix. 

RESULTS ARDDISCTsSION 

A preliminary investigation of stage-type flame holders in a 
2%inch-diameter tail-pipe burner indioated that the fuel tubes 
alone would not serve as satisfactory flame holders. Strips of 
Inconelwere therefore welded to the tubes so as to form annular 
V gutters, which would offer more restriction. This configuration 
offered scme improvement, but was still unsatisfactory. The tail- 
pipe-burner diameter wss then increased to 29 inches in order to 
decrease the velocities acroBs the flame holder. The results of 
operation with this burner are presented graphioally aud repesent 
typical performme of the configurations investigated. Data for 
the five configurations are presented in table I. 

Comparison of Configurations 

Arrangement of stages. - Results eze presented for configu- 
rations A ard B in figme 7 to show the effect of flame-holder- 
stage arrangement on the variation of canbustion efficiency and 
exhaust-gas total temperature with tail-pipe fuel-air ratio. This 
com-parison is made at altitudes of 5000 and 25,000 feet arvi a 
flight Mach number of 0.27. At an altitude of 5000 feet, the peak 
corabustiou efficiency was approximately 0.23 higher and the maxi- 
mum exhaust-gas temperature was approximately 420° R higher with 
configuration B than with oonfiguration A. At an altitude of 
25,000 feet, the maximum combustion efficiency was only about 0.04 
higher for configuration B, but the maximum efficiency oocurred at 
a tail-pipe fuel-air ratio of about 0.0425 as compared to 0.022 
with configuration A. As a result, the maximum exhaust-gas tern-- 
perature obtained at an altitude of 25,000 feet was approximately 
480' R higher with configuration B than with configuration A. 

With the errangemnt of configuration A, the flame holder con- 
stituted a reatriution that diverted pari; of the flow toward the 
wall of the burner. As a result, the velmity profile that 
normally exists at the burner inlet with higher velocities near 
the shell than in the center of the burner was fkrbher accentuatsd. 
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The stages were reversed In configuration B so that the restriction 
offered by the flame holder.would divert the gas toward the center 
of the burner and thelreby give a more uniform velocity profile. 
The lower ccmbustion effioiencies~obtained with configuration A 
are attributed to the higher velocity over the large-diameter 
stages in addition to the meaq fuel-InJection station being located 
farther downstream. The burner-shell temperature was higher for 
configuPatlon B than for A bemuse of the higher gas temperature; 
however, the cooling liner provided adequate shell cooling. 

Flame holders. - Results are presented for configurations B, 
Cj and D In figures 8 and 9 to show the effect of the fleme holder 
used on the variation of ccrmbustion efficiency and exhaust-gas 
total temperature, respectively, with tall-pipe fuel-air ratio. 
This corqariaon is made at altitudes of SOOQ, 25,000, and 35,000 
feet and a flight Mach number of 0.27. Configurations B, C, and 
D had five, two, and three stages, respeotively. The effect of 
the number of stages on the perfomance is not isolated In this 
comparison, inasmuch as the width of the annular V gutters wea 
greater for couflgurations C and D than for configuration B. Soale 
effect is therefore inoluded in the ocmparison and the blocking 
area does not vary in proportion to the number of stages. 

At an altitude of 5000 feet, the performance of oonfiguratlons 
B and D was about the asme at tail-pipe fuel-sir ratios above 
approximately 0.028. The peak combustion efficiency for conflgu- 
ration C wes approximately 0.14 lower than for configurations B 
and D. At au altitude of 25,000 feet, the highest and lowest ccm- 
bustlon efflclenuies and exhaust-gas t&al tmxperatures were 
obtained with oonfYgurations D and B, respectively. At an alti- 
tude of 35,000 feet, the ombustion efflcienoy aud the exhaust-gas 
total temperature were approximately the same for configurations C 
and D and were lower for oonfiguration B. The more rapid decreeae 
in the over-all oouibustion efficienuy and exhaust-gas total tem- 
perature of configuration B with an increase in altitude was proba- 
bly due to scale effect, because the flame-holder gutters were 
narrower with this corrfiguration than for the others. The fact 
that the combustion efficienoy and &must-gas total temperature 
for conflguraticm D were generally higher than for configuration C 
was probably due to the 17-percent great&r flame-holder blocking 
area of conflgurationD. This effect was not as apparent at an 
altitude of 35,000 feet as at lower altitudes. 

Fuel distribution. - Reaults are presented for conflguratlorm 
D and EinfigurelO to &cm the effect of injectingpart of the 
fuel ln the diffuser se&ion upetreem of the flame holder on the 
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variation of cmbustion efficiency and exhaust-gas total tempera- 
ture with tail-pipe fuel-air ratio. Thif~ coqarlsonis made for 
altitudes of 5000 and 35,000 feet aad a flight Mach number of 0.27. 
With configuration D, all the fuel was injeoted fram the three 
flame-holder stages; with configuration E, one-fourth of the fuel 
was Injected from the two downstream stages of the three-stage 
flame holder and three-fourths of the fuelwas injected through 
the fuel Injectors upstream of the flsme holder, At & altitude 
of 5000 feet, the maximum ccmbustion efficiency obtained with con- 
figuration E was about 0.08 lower than the peak effioienoy for 
configuration D. The data indicated, however, that peak cosdustian 
efficienoy was not reaohed with configuration E, and that the peak 
efficiemy would ocour at tail-pipe fuel-air ratios in excess of 
0.035 ea compared to 0.028 with configuration D. The variation of 
exhaust-gas total temperature at this altitude substantiated this 
trend Tnthat the data iudicated that the temperature for coufigu- 
ration E would exceed that of configuration D at tall-pipe fuel- 
air ratios slightly higher than those Investigated. At an altitude 
of 35,000 feet, the peak co&m&ion efficiency was about 0.15 higher 
and the maximum exhaust-gas total temperature wss about 1800 R 
higher for: configuration E. The very low combustion effioienciea 
and temperatures that oocurred at low tail-pipe fuel-air ratios 
were presumably caused by cc&u&Ion blow-out at some of the flszue- 
holder stages. Data for 89 altitude of 5000 feet were inadequate 
to indicate any definite rise in combustion efficiency aud ecrhauet- 
gas temperature from Injecting most of the fuel upstream of the 
flame holder. Data for ti altitude of 35,000 feet, however, show 
a definite increase In combustion efficiency as a result of 
Injecting mcst of the fuel upstream of the flame holder snd are 
therefore in agreement with similar results presented in refer- 
ence 3. This. improvement in perfo rmance is probably due to better 
radial distribution of fuel and the longer length for tixlng and 
vaporization of the fuel. 

Burner Performme 

Data for configuration D were selected to show the variation 
of burner-inlet conditione tith altitude and flight Mach number 
and to demonstrate the effect of tail-pipe-burner-inlet oonditions 
on combustion efficiency and exhaust-gas temperature (figs. 11 to 13). 
These data were selected because the combustion effioiency with 
this configuration was higher over a wider range of altitudes and 
flight Mach numbers than for the others investigated, as shown in 
figures 8 aud.10. 
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Effect of altitude and flight Mach number. - As the tail-pipe 
fuel-air ratio was increased at e-h altitude am¶ flight Mach 
number, the turbine-outlet $mssure and tamp-mature increased etzd 
the buruer-inlet velocity remained approximately constant (fieg. 11 
and 12). At a constant tall-pipe fuel-air ratio, the turblne- 
outlet pressure decreased approximately In ~oportion to the atmorr- 
pheric pressure; the turbine-outlet temperature was reduced slightly 
ae the altitude wss Increased frcm 5000 to 40,000 feet at a flight 
Mach number of 0.27 (fig. 11). !Turbine-outlet pressure deoreased 
approximately in proportion to the engine-inlet total pressure; the 
turbine-outlet temperature increased slightly as the flight Maoh 
number was lowered from 0.92 to 0.27 at an altitude of 25,000 feet; 
the effect of flight oondition on the burner-inlet velooity was 
negligible (fig. 12). 

Increasing the altitude frm 5000 to 40,000 feet decreased 
the peak combustion efficiency from 0.82 to 0.50 (fig. 13(a)). 
Because the effect of variations in altitude upon the burner-inlet 
velooity snd turbine-outlet total tqrature uss slight (figs. U.(a) 
and (b)), this variation in effiaiency was primarily due to the _ 
change in turbine-outlet pressure from appr&mat,e~3200 to 
700 pounds per square foot (fig. 11(o)). With this decresse in 
turbine-outlet pressure, there wss en attendant Increase from 
approxtitely 0.028 to 0.042 in the tail-pipe Fuel-air ratio at 
whloh peak oombustlon efficiency ommrred. As the turbine-outlet 
pressure wea deareased from about 3200 to 1700 pouuds per square 
foot (fig. 11(c)), the peak combustion effioiency varied between 
0.82 and 0.76 (fig. 13(a)). Cmbustiozi efficiencies did not vary 
tmifomly with turbine-outlet pressure over this rauge of pressures; 
this effect is attributed to inaccuracies in the measurement of 
exhaust-gas pressures. A further decrease in preeaura to about 
1000 pounds per square foot decreased the peak combustion efficiency 
to approximately 0.56. These results iadlcate that with conflgu- 
ration D the ocanbustion efflaienoy is much more adversely affeoted 
by reductions In turbine-outlet pressure below about 1700 ponds 
per square foot than at higher pressures. 

A decrease in the flight Mach ntmber fraa 0.92 to 0.27 at an 
altitude of 25,000 feet, which was acoompanied by a reduution in 
turbine-outlet preseure from about 2500 to 1700 pounds per square 
foot (fig 12(c)), reduoed the peak colabuetion effioienoy frcss 0.87 
to 0.76 (fig. ES(a)). This change in oombustion effioienoy with 
turbine-outlet praaa~e ie more than that obtained for a greater 
pressure chauge acocmpenying a vsxiation in altitude. The varl- 
atiou of oombustion efficienoy with flight Mach nmber was apparently 
magnlfled by discrepancies in exhaust-gas pressure measurements. 

. 
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Es%auat-gas total temrperature inoreased with fuel-air ratio 
at each condition investigated. The effeot of decreases in turbine- 
outlet pressure as the altitude was lnoreased at constant flight 
Mach number and as the flight Mach nuniber was deoreased at constant 
altitude on the exhaust-gas temperature was similar to the effect 
on the combustion effioienoy (fig. 13(b)). In order to obtain a 
given exhaust-gas temperature, it was necessary to increase the 
tail-pipe fuel-air ratio as the turbine-outlet press- was decreased; 
this condition was 'due to the reduc&ion in a&u&ion efficiency. 

Over a range of turbine-outlet pressures from 3200 to 
1700 pounds per square foot (oorresporrding to altitudes of 5000 
to 25,000 feet), the exhaust-gas temperature ranged from approxi- 
mately 2800° to 3110° R (fig. 13(b)). Higher exhaust-gas tempera- 
tures could have been obtained with higher tail-pipe fuel-air ratios. 

Over-all Performance 

Inasmuch as data were obtained over a range of flight Mauh 
numbers for ccolfigurations B and D only, results are presented for 
these configuratioILe to show the variation of over-all performance 
with flight Maoh number at an altitude of 25,000 feet and a turbine- 
outlet temperature of 16000 R. ALSO wesented for these same con- 
ditions are data obtained with the best configuration in refer- 
ence 5. This configuration conslated of an uncooled two-annular- 
V-type flame holder Snstalled in the i9-inch-diameter tail-pipe 
burner with 12 fuel-spray bars mounted upstream of the flsme holder 
in the diffuser section. The variation of exhaust-gas total tem- 
perature and atzgnented thrust ratio with flight Mach number is 
shown in figure 14. Augmented thrust ratio is defined as the ratio 
of the net thrust obtained with tail-pipe burning to the net thrust 
obtained at the same turbine-outlet conditions with the standard 
tail pipe Installed. With oonfiguration D, the thrust ratio 
increased from 1.33 to 1.56 as the flight Mach number was inareased 
from 0.27 to 6.92. This inorease in thrust ratio was accompanied 
by a rise in the exhaust-ges total temperature frun 2900° to 
3070° R. 

Variation of the tail-pipe-burner combustion ef'ficienoy with 
flight Mach number is shown in figure 15(a). Variation of specific 
fuel consumptionbased onnetthrusttithflight Machnumberfor 
the tail-pipe burner operating and also with the standard tail 
pipe installed is shown in figure 15(b). With configuration D, 
the tail-pipe-burner combustion efficiency increased from 0.75 to 
0.87 as the flight Mach number was inoreased from 0.27 to 0.92. 
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This increase in combustion efficienoy was accompanied by a 
decrease in specific fuel consumption based on net thrust from 
2.46 to 2.42. The speclfio fuel consumption of the engine with 
the standard tail pipe Increased from 1.2 to 1.35 over this same 
range a?flightMachnumbers. 

As shown in figures 14 and 15, the performance of the best 
stage-type flame holder (configuratlon D) was inferior to that of 
the beat two-annular V-type flsme holder of reference 5. Because 
the pressure losses for the two configurations were approximately 
the same, this difference wes possibly due to the compromise made 
by Injecting part of the fuel at the flame holder akl thereby 
causing poor fuel distribution and a shorter time for burning. 

Tall-Pipe Pressure Losses 

Tail-pipe total-pressure-loss ratio with burning is presented 
In figure.16 as a function of exhaust-gas total temperature for 
each configuration. Tail-pipe pressure-loss ratio is defined as 
the ratio of the loss In total pressure between the turbine outlet 
and the etiaust-nozzle outlet to the total pressure at the turbine 
outlet. The pressure-loss ratio was approximately constant at 
0.06 for exhaust-gas temperatures between 2300° and 30000 R for 
all canfigurations. The pesaure-loss ratio with the st&ard 
engine tail pipe was appr0limatel.y 0.01 (reference 5). 

Operational Chaxacteristios 

The tail-pipe burner was operated at fuel-air ratios frcm 
approximately 0.011 to 0.068 end turbine-outlet temperatures from 
1000° to 16900 R at numerous simulated-flight conditions. Complete 
performance data as shown in table I, however, were not obtained 
at all these conditions. During operation over this range of con- 
ditions, various operational &aracteriatica observed Included 
rioh and lean blow-out, tail-pipe fuel Ignition, tail-pipe-burner 
shell temperature, and steadiness of combustion. Knowledge of 
these characterlstios is Important in the desigu end the operation 
of.tail-pipe burners. Afewofthe characteristius of each con- 
figuration are presented in the following disoussion. 

Combustion characteristics. - With configuration A, the tail- 
pipe burner was operated over a range of fuel-air ratios from 0.013 
to 0.067 at an altitude of 25,000 feet; however, burr&g at 5000 feet 
wss subject to pulsations with attendant fluotuatlons in pressure 
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and fuel flow, apparently oaused by fuel vaporization in the fuel 
tubes. The flame filled the exhaust nozzle on4 at altitudes ' 
above 5000 feet. Visual observation indicated that the lalxture 
In the center of the flsme was rich; the tall pipe aud the nozzle 
always remained cool during operation. 

Configuration B, in which the flame holder used for configu- 
ration A was reversed, produced more even burning In the tail pipe 
and a full nozzle.of flame. Some burning fluctuations occurred, 
however, at an altitude of 5000 feet. The nozzle was much hotter 
during high fuel-flow operation with configuration B than with A. 
The range of tail-pipe fuel-air ratios at 25,000 feet was 0.013 
to 0.032 and limiting turbine-outlet temerature was reached. 

When configuration C with a SO-50 fuel distribution &o the 
two stages of the flame holder was used, the tail-pipe burner ~88 
operated over a range of fuel-air ratios frarr 0.013 to 0.051 at 
an altitude of 25,000 feet and 0.020 to 0.055 at 35,000 feet. 
Operation above 35,000 feet was unstable. 

When configuration D was operated with 65 percent of the fuel 
flow to stage 1, 20 percent to stage 2, and 15 percent to stage 3, 
eaoh stage was subject to flow fluctuations at several flight con- 
ditions. The tail-pipe fuel-air ratio range at an altitude of 
25,000 feet was 0.020 to 0.037 end at 40,000 feet was 0.030 to 
0.045, Operation above 40,000 feet was unstable. 

With configuration E, runs were made with 75 peroent of the 
fuel injected through 12 side-spray bars upstream of the flame 
holder end 25 peroent through the two downstream stages of the 
flame holder. The tail-pipe fuel-air ratio ranged from 0.018 to 
0.026 at 25,000 feet and from 0.022 to 0.031at 35,000 feet. The 
tail-pipe burning wss generally unsteady, because the flame did 
not appear seated on the entire flame holder excefi at limiting 
turbine-outlet temperatures above 16000 R. 

Tail-pipe fuel ignition. - With the cone pilot (figs. 5 end 6), 
fuel ignitiou was effected at altitudes as high as 30,000 feet; 
the spark plug and the fuel nozzle in the pilot were, however, fre- 
quently burned away. Starts vere um814 made at engine speeds 
from 4000 to 6000 rpn. When the ignition system failed, the tail- 
pipe-burner fuel was ignited by rapidly accelerating the engine, 
which resulted in a burst of flame into the ttil pipe. The torah 
igniter (fig. 6) was used only with configuration E. Several 
starts were effected up to an altitude of 27,000 feet at reduced 
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engine speed. This method was later found to be very reliable for 
obtainlug lguitiou at full engine speed at altitudes up to 
50,000 feet, as discussed in reference 5. 

Tail-pipe-burner-shell ccoling+ - Cooling of the tail-pipe- 
burner shell was effeoted by an inner liner in all configurations 
exoept A. Approximately 6 percent of the gas flow at turblne- 
outlet temperature passed between the liner and the shell. This 
flow provided sufficient cooling to keep the tall-pipe shell below 
a temperature of 17CW R. The liner temperatures were somewhat 
higher, but because the stressea on the liner were low, thie oon- 
ditlou was not critioal. More extensive experlmntal results of 
cooling-liner investigations imludlng methods of oonstruotion 
are presented In reference 5. 

s- OF ImaLTs 

The following resulta were obtained from an investigation of 
a 29-inch~ismeter tail-pipe burner with a fixed-area exhaust 
nozzle on a J35 turbojet engine in the NACA Lewis altitude wind 
tunnel: 

l.Theburnerperf ormmae of the five-stage flsme holder with 
the large stage upatreamwas markedly better than that with the 
large stagedounstretm. 

2. The three-stsge flsme holder was more effioient than a 
five-stage flare holder with the large stage upstream, which had 
approximately the seme blocking area, but narrower gutters. The 
three-stage flame holder wes also more effioient than a two-stage 
flame holder with the sme width gutters, but 17 percent less 
blooking axea. 

3. Injecting fuel upstream of the flsme holder resulted in a 
reduction of cmibustion ecpflclency at an altitude of 5000 feet, 
but an lnorease at 35,000 feet. 

4. The maximum ocmbustion effloienoy obtained was 0.87 with 
the three-stage flame holder with the large stage upstream. This 
value was obtained at an altitude of 25,000 feet, a flight Mach 
number of 0.92, and a tail-pipe fuel-air ratio of 0.037. 

5. At au altitude of 25,000 feet a& with a turbine-outlet 
temperature of 1600° R, the ratio of augmented to normal thruet 
increased frm 1.33 at a flight Mach nu&er of 0.27 to 1.56 at a 
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fllgWMach number of 0.92 for the three-stage flame holder with 
the large stage upstream. This increase in thrust ratio was 
accmpanied by a rlse in exhaust-gas total temperature frcrm 29ooO 
to 3070° R, an inarea,8e in oambuEtion efficiency from 0.75 to 0.87, 
and a decrease In specific fuel uonmmption from 2.46 to 2.42. 

6. The performance of the stage-type flame holders investi- 
gated was inferior to that of the aunulm two-V flame holder aubse- 
quently investigated in the same burner. 

7. One oonfiguration was successfully operated at Bp altitude 
as high as 40,000 feet and most configurations were operated at 
altitudes as high as 35,000 feet at a flight Mach number of approxi- 
mately 0.27. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 

. 
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APPENDIX - cmoNs 

synibols 

The following symbol8 are u8ed 'in this report : 

A crose-sectional area, aq ft 

B thrust scale reading, lb 

Cd fluw (tiischwge) coefficient, ratio of effective flow area 
tomeaeured area 

CT thermal-expamion ratio, ratio of hot-exhaust-nozzle area 
to cold-&am&-nozzle area 

CV exhaust-nozzle velocity coefficient, ratio of actual 
exhaust-nozzle velocity to ideal exkaust-nozzle velocity 
after expansion to free-stream static pressure 

D externaldragof installation, lb 

Dr drag of exhaust-nozzle survey rake, lb 

FFJ Jet thrust, lb 

Fn net t&u&, lb 

f/a fuel-air ratio 

6 acceleration. due to gravity, 32.2 ft/sec' 

H total enthalpy, Btu/lb 

hC lower heating value of fuel, Btu/lb 

M Machnumber 

P total pressure, it&q ft absolute 

.'8' total preeaure at edmust-nozzle survey station in stanbard- 
engine tail pi'pe, lb/ap ft absolute 

P static pressure, lb/q ft; absolute 

R gas constant, ft-lb/(lb)("R) 
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. 

T 

Ti 

t 

v 

W, 

WC 

Wf 

wf/Fn 

wg 
Y 

?b 

P 

total temperature, OR 

indicated temperature, OR 

static temperature, OR 

velocity, ft/88c 

air flow, lb/se0 

bearing cooling-air flow, lb/set 

fuel flow, lb/& 

specific fuel consumption based on total fuel flow and net 
thrust, lb/(hr)(lb thrust) 

gas flow, lb/sea 

ratio of specific heats for gases 

ccanbustion efficiency 

static density, slugs/on ft 

-Subscripts: 

a air 

8 engine 

f fuel 

g g= 

3 Jet 

m fuel manifold 

-8 8 tale 

t tail-pipe burner 

X inlet duct at frictionless slip joint 

0 free-stream condition 

s 
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1 engine inlet 
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3 engine cmbustio7xdmmber inlet 

6 turbine outlet (diffuser inlet) 

7 static-pressure survey plane, 5$ inches upstream of 
burner-section-inlet flange 

8 exhaust-nozzle total-pressure survey plane, 1 inch upertream 
of outlet 

9 edmast-nozzle outlet 

Method.a of Calculation 

Flight Mauh number ad airspeed. - Flight Mach number and 
equivalent airspeed were calculated from the ram-pressure ratiq by 
the following equations; ccmplete pressure recovery at the engine 
inlet was 8saumd: Yl’l 

ir ? (> 71 

Mo = 
2 % 

'1-1ig - 

71-l 
Vo - Mo i-- PO T 

WTl 5 0 

0) 

The equivalentfree-etreamt~temperat~e~ ssslrmed equal to 
the ccmpreseor-inlet indicated temperature. The fzBe of this 
resumption introduces an error in airspeed of less than 1 percent. 

Airflow. - Air flow at the engine inlet was determined from 
pressure and temperature meamrements obtained with four eurvey 
rakes in the inlet annulus. The follming equation wcIB used for 
c&lculafion of air flow: 



W&,1 = p1Al 
i 

2Ylt3 

( yl-l)Rti 1 (3) 

Beaxing cooling air was bled from the Dompressor in a quantity 
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approximately equal to the engine fuel flow. The air flow enter- 
ing the engine con&u&ion chamber was therefore calculated as 
follows: 

W %3 - W&,1 - WC 

Temperaturea. - Static t-r&urea were calculated from indi- 
cated temperatures by the adiabatic relation between temperature 
and, pressure; the impact recovery factor was determIned to be 0.85 
for the type of thermocouple used: 

t= Ti (5) 

Tail-pipe @a flow. - The total weight flow through the tail- 
pipe burner was calculated a8 follows: 

W B =W 
%3 

t wf,efwf,t 
3600 

Tail-pipe fuel-air ratio. - The tail-pipe fuel-air ratio ueed 
herein is defined as the weight flow of fuel injected into the 
tail-pipe burner divided by the weight flow of unburned air enter- 
ing the tail-pipe burner from the engine. Weight flow of udburned 
air was determined by eaeuming that the fuel injected in the engine 
combustion chamber was completely burned. By c&ining air flow, 
engine fuel flow, end tail-pipe fuel flow, the following equation 
for tail-pipe fuel-air ratio was obtained: 

Wdt - Wf,t 

3600 Wa,3 - wf,e 
0.067 

where 0.067 is the stoichiometric fuel-air ratio for the engine fuel. 
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Turbine-outlet temperature. -Because the temperature assure- 
ments at station 6 were unreliable when the tail-pipe burner was 
in operation, the turbine-outlet temperatures listed in table I 
were calculated by means of the following relation: 

wf 8 

H6 - 
wa,3Ha,l + &J hc,eqb,e 

W (8) 
W a,3 4- 3% 

An engine combustion efficiency q, e of approximately 98 percent 
at rated engine speed was determine& from experiments with the 
standard-engine-tailpipe and more complete temperature instrumen- 
tation. After calculation of turbine-outlet total enthalpy E6 by 
equation (S), turbine-outlet temperature T6 was determined from 
H6 and fuel-air ratio f/a by the use of enthalpy-temperature 
Chart8. 

Burner-inlet velocity. - Velocity at the burner-section inlet 
was calculated from the continuity equation by usa static preaeure 
measured at etation 7, approximately 78 inches uptrem of the 
flame holder, aml. assuming constanttotal pressure and total tem- 
perature frcun turbine outlet to burner inlet as follows: 

76-l 

Ccanbuetion efficiency. - Tail-pipe caribustion efficiency was 
obtained by dividing the enthalpy rice through the tail-pipe burner 
by the lower heating value of the tail-pipe fuel; d3ssociation of 
the exhaust gas was disregarded. 

qb,t = 
3600 W,&& 

Wf,thc,t 
9 3600 + I- wa,3Ha 1 1 wf,eHp,e 1 9 9 

- + m wf,eA,e Wr,tHf,t I m 

Wf,thc,t 
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The engine fuel was assumed to be completely burned in the engine; 
inasmuch as the engine combustion efficiency was found to be a 
approximately 98 percent, this assumption involves less than one- 
half of 1 percent error in the value of tail-pipe combustion 
efficiency. The enthalpy of the products of caiebustion was deter- 
mined frcm the hydrogen-carbon ratio of the fuels by the method 
explained in reference 8. 

Bxbaust-gas total tempersture. - The total temperature of the 
exhaust gas was calculated from exhaust-nozzle-outlet pressures 
and gas flow by meaus of the following equation: 

Y*-1 

Exhaust-nozzle static pressure pg azd outlet Mach number M9 
were determIned by considering critical pressure ratio as follows: 

When 

. 

Mg= (subsonic flow) 

Wheh 

'8 rg+l 

0 

rg-1 

-> - 
PO 2 
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'8 
79 

Mg P 1 (sonic flow) 

The v&he8 of cd and C, for the exhaust nozzle uEled were 
determined from the folkming relationa, which were experimentally 
obtained: 

1.00 

P 

s 

t! 
d 

.95 

% 
0” 

iz 
2 .90 

1.0 1.5 2.0 2.5 3.0 3.5 
Exhauet-nozzle preseure ratio; Pg/pO 

ij 1*05- c 8 I 
1 2 5 a 1.00 /- 1500 - 1000 2000 2500 3ooo 3500 4Ocm 

Gas total temperature, TgJ oR 
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. The ratio of specific heats y9 6nd the thermal-expansion ratio I+ 
were based on an estimated. value of exhau8t-g86 tsarperature deter- 
minedfromthe scale thrustmeasuremnt. 

Augmented thru6t. - Actualjetthrustwasdetezminedfrcmthe 
balance-scale meaerurements by use of the following equation: 

F&8 
=B+D+D,+ wU,XvX 

g + AJPx-P*) 02) 

The lasttwoterms ofthie expressionrepresent momentum &nd 
pressure force8 on the inetallation at the slip joint in the inlet- 
air duct. Xzternal drag of the installation was determkined from 
tests with an annular-shaped plug in8talled at the engine inlet to 
prevent air flow through the engine. Drag of the e&au&-nozzle 
survey rake WLL~ measured over a range of jet Mach nmbers by a 
hydraulic-balance piston mechanism. 

Equiv6,len-t free-stream momentum of the inlet air vas sub- 
tracted frcan scale jet thruet to determine net thrust a8 follovs: 

F,= F Jr6 - 
Wa, 90 

g 
03) 

,Normal thrust. - The augmented thrust ratio and engine specific 
fuel consumption were based on the net th.ru8t obtainable at rated 
engine speed with the stand6rd-engine tail pipe. In order to 
account for possible performance deterioration of the basic engine 
during the progress of the tail-pipe-burning program, the star&&- . 
enginethrustwas calculatedfrommea8urements of total pressure 
and temperature at the turbine outlet, the gets flow leaving the 
turbine, and the total-pressure-loss ratio across the st6zxl8rd tail 
pipe, as shown in the following equation: 

r,-l 

- 0 1 76 
l-PO 0 

v 
%,la, 

g 

(14) 

-- -. 
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~rlmental data indicated that the total-pressure 1088 through 
the standard tail pips frcm station 6 to station 8 w&8 approri- 
m&teu 0.01 Pg at r&ted engine speed. The total pressure Par 
is therefore eq,ual to 0.99 P6. A nozzle-velocity coefficient C, 
of 0.97 WE18 used for the calcnlation of the results presented. 
This value of Cv wsa obtained from calibration tests of the 
en&e with the standard-eng%ne tail pips and exhaust nozzle. 

Rake Jet thrust. - Jet thrust mey be calculated from exhaust- 
nozzle-outlet pressure by assuming constant total pressure in the 
exhaust jet. 

Fj 9+$j > = ‘fT$) + c,+$(P,-PO) 

= 'aCTA k9p#9" + (p9'PO] (15) 

The terms on the'ri&t aide of equation (15) were determined in 
the same manner a8 for equation (11). Thus, the equation becomes 
for SUtiSOniC and SOLIiC floWs, re8peCtiTeu: 

When 

When 

. 

P9 - 
'8 

79 
Tg-1 

(15a) 

Mg = 1 
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= 'acTA 
p&g+1) 

79 - PO 
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Yg+l 0 
Yg-1 

2 

Bhaust-nozzle velocity coefficient. - For the exhaust nozzle 
used, the velocity coefficient may be expressed as the ratio of 
scale jet thrust (equation (12)) to ideal jet thrust (equation (15)): 

cY = 
actual v L& - 
ideal Yj 

53 

The relation of the velocity coefficient tith tail-pipe burning to 
nozzle pressure ratio is shown by the following curve, which was 
calculated from faired values of jet thrust: 

1.5 2.0 2.5 3.0 3.5 
$rhauet-nozzle pressure ratio, Pa/p0 
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::Ei 

:E 
,496 
.471 
.469 
.469 

z ix_- 

-7 
- 

- 
- 
- - - - 
I.sss 
,523 
.645 
.624 
.4x9 
.471 

:Zi 
.s19 
.497 
.SO5 

:E 
,504 
.629 

:E 
.517 
&z! 

0 r 
Ez 1898 
1839 
1844 
le4Q 

eez 

ZEl 
1366 

:% 
1363 

52E 

XE 
624 

1752 

EE 
1742 
1142 
175s 
1762 
788 
782 

z: 
782 
782 
788 
782 
407 

t: 
497 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

'Only totnl fuel ilow was ms.mred. 
%ta unwall&ble. 
OTTO-st.ae flam holder. 



HACA RM E50A 19 31 

uoq 
0.582 

:% 

:E-t 

:Z 
.485 

:E 
.479 

:E 

:% 
.651 
.ws 
.276 
.187 
.67S 
.668 
.617 
,431 
,551 
,291 
.687 

:E 
.372 

:E 

A 
omflg 

0.570 
.826 

:6? 
.517 
.691 
.S90 

:Z 
.494 
.767 

:oz 

:Z 
304 
-a 

0.675 

:Ei 
.667 
.067 
.623 
.629 
.654 
.629 

:E 
.756 

:6% 
.637 

:E 
.480 
l 377 

52iss 
63.56 
65.62 

z-t: 
$62 

. 

47.85 
47.71 
46.94 
55.56 

22 
54.67 

f% 0-0107 .0145 
.a314 .0190 
AS62 .02S6 
A466 .0326 

:=6 .0174 .0234 
.0448 .oSl7 
.0658 .u4l4 

:Ei 
.Ol82 

A546 :EE 
.w76 .oB6s 
.0789 A675 
.0299 CO163 
.0373 Aa44 
A526 .0526 
a527 A493 
.0182 *OS98 
.0241 .Ol36 
.0346 .0225 
.04l5 
.#521 :E 

:E l o4sg .0516 
.oll4 

:z-i .ol62 
.o(lO .0229 

1596 
1470 
l296 

Et 
1464 

ii% 

Et 

E 
lS74 

~~ 

si 
3527 
lS69 
1420 
1417 
1406 
1150 

iz 
1408 

E% 
1407 
1421 

i% 
2797 
2873 
2992 
m.33 

gz 

E 
1sl.l 

pJ 

1539 
1580 
1551 

GE 
1729 
1774 
1228 
1790 

:tE 
1887 

E 
2e75 
as-77 

2-s 

z.2 
8164 

iEx 

Et? 
l369 

L% 

Ez 

Ei 
1679 , 

:c" 
1630 
1827 
1876 
1947 
1919 
1945 
1240 

~~ 
2175 
2414 
2531 

do,: 
?ptlon B 

4.2l2 
6.192 
2.524 
2.625 
2.696 
3.sl.l 

2% 
2.255 
2.517 
2.260 
8.286 
2.899 
3.237 

(01 
S.341 

L7.74 

%,.36 

Z:E 
34.99 
15.43 

k7.84 
k8.48 to.89 
!o.w 
.e.n 
L9.95 

2.298 

2% 
i:g 

2:775 
2.S26 
2.483 
2.491 

2% 

2":Z 
a.sw 
4.S31 

tz! 
Ez 
1420 
15e8 
1670 

E 
194e 
2296 
2464 

ii% 
am6 

i-zi 5”z 
1336 
1497 
1475 
1816 

z 
2160 

z% 

iz 
871 

2742 
2892 

z% 
3017 
3044 
S192 
l397 
1383 
1605 
1627 
1924 
2116 

z-k 

z': 

95s 
ltlon 0 

E 
Sl67- 
s157 
3173 
3188 
3363 
14a5 
1666 

:Tz 

Ez 
2407 
2567 

;tgi 

1oM3 

L 
w 

I 

PA213 
2.318 

3% 
e.tw 
2.6Sl 

2% 

2.61-i' 
2.676 
8.666 

f:E 
3.673 

,.0134 

:E.i 
.0218 

:E 
.OSl2 

:EZ 
.0369 
.0515 
.0145 
.0217 
.0292 
.O376 
.0290 
.0360 
.0443 
,054s 

Et: 
1440 
1459 

Et: 
1586 
lS78 

i% 
1604 

E 

ii% 
1440 

Ei 
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TABIs I - PEFtFCRUNCE DATA WI'IB 

Run Al;;;"' Fll&t Ambient Engine- En&m?- Tall- Fuel dlstri@utlon Jat Net 
Hcoh preasum inlet inlet 

"g@; 

iloW 
wr,t 

(lb/h) 'f,t 
(lbk 

s 
i:g 

5:ooo 
3,000 

20% 
5:ow 
5,000 
s.=+J 
5.m 
5,000 
5,000 

10,OQO 
lO.QOo 
10,000 
10,ow 
10,000 
15;OO0 
15,cmo 
15,000 
15.000 
15,000 
25,000 

L2E 
25:000 
25,000 

FxEi 
255:WO 
25,oOcl 
56,mO 
36,000 
35,OOO 
35.OQo 
40.000 

Z:% 

5,m 
5,000 

2E 
5:ooo 
5.000 
5,oQo 

2E 
as:000 
26,OW 
35,000 
55,000 
35,QoO 
35,000 
35.QOO 
35,000 
3s.000 

znlr 
.a85 
.275 
.276 
.27S 

2% 
.265 
.Z70 
.280 
.276 
.270 
.a75 
.P75 
.a50 
.a80 
.250 
,265 
.am 

2% 
,280 
.260 
.265 
.!2SO 
.285 
.a75 

rE 
,920 
,915 
.920 
.250 
.SlS 
.326 
.a90 
.a.38 
.225 
.240 

.270 

.276 

.285 

.a65 

.276 

:Zi 
.em 
.9as 
. 910 
.sl6 
.276 
.a65 
.a75 
;a65 

2% 
.280 

1758 
1752 
1752 
1752 
1752 
1752 
1755 
1752 
1755 
1752 
1752 
1762 
1752 
1752 
1452 
1445 
1452 
1452 
1449 
1188 
1188 
1188 
1188 
1L8a 
782 
782 
782 
782 

,769 

7% 
775 
775 
497 
467 
49s 
490 

z 
385 

1762 
1759 
1752 
1748 
1769 
1762 
1794 

77s 
789 
782 
775 
490 
407 
490 
493 
4e7 
490 
490 

-ET- 
1847 
1845 
1847 
la55 
1846 
1840 
1846 
1848 
1845 
1843 
1845 
1844 
1516 
1516 
I.516 
1524 
1519 
1254 
1250 
1254 
1245 
1248 

E 

.8az 
1366 
1546 
1351 
1331 
1339 

519 

El 
519 

:z 
401 

1843 
186S 
1854 

Ez 
1848 
1872 
1338 
1576 
1338 
1336 

616 
522 
516 
518 

E 
817 

onflgwr 
497 
498 

% 

.E2 
510 
615 
510 . 
510 
505 
506 
501 
515 
So1 
488 
499 
491 
495 
485 
467 
474 
480 
483 
444 
447 
451 

tiz 
497 
501 
490 
481 
499 
494 
498 
496 
SC4 

%z 
0nf1gllr1 

488 
510 
499 
611 
604 
504 
511 
499 
505 
493 
502 

tz 

tz 

tz 
464 

ton D 
2S46 
2610 
3330 
3330 
3330 
3560 
3230 
3350 

L% 
3330 
3250 
3270 
3320 
2660 
2860 
2930 
3070 

322% 
2480 
2670 

2% 
1660 
18.30 
1900 
1980 
I.340 
2090 

Z% 
2700 

z: 

:iz 
740 
780 
830 

.on E 
2450 

iE 
2910 
3210 
3430 
3590 
1900 
2120 
1960 
2320 

670 

1% 

1% 
1140 
3220 

3000 
4000 
4900 
4950 
5040 
5PSO 
4970 
4880 
4990 
4990 
5020 
SO40 
SOS0 

Ez 
4200 
4700 
5180 
5835 
3270 
3010 
4550 
4970 
6290 
2400 
3050 
3550 
4080 
2630 
3080 
3950 
4500 
4970 
1660 

2% 

Ez: 
1760 
2170 

3070 
3550 
4040 
4480 
5110 

5z 
3050 
3540 
3610 
4060 
1510 
1670 
1730 
1730 
1860 
2010 
m 

3.673 
.w 
.713 
.658 
.667 
,877 
.424 
.656 
.353 
.543 
.595 
.481 
.521 
.500 
.698 
.617 
.645 
,624 
.620 
.609 
.666 
.686 
-671 

:z 
.644 
.654 
.631 
-693 
.651 
.687 
-850 
.643 
.614 
,635 
.565 
.531 
,526 
.568 
.597 

3608 
l 76l 
.770 
.771 
.763 
.760 
.685 
.772 
,760 
.763 
,755 
,768 
.716 
.7as 
.769 
,760 
.769 

ds 

1.P46 0.081 
.219 .09'7 

5% 
.oe4 
.146 

.247 .0@6 

.179 .144 

.a17 ,159 
,143 .201 
.553 .oe4 
.a70 .I87 
,247 .158 
.437 .082 
,426 ,054 
.954 ,246 
.155 .147 
.247 .136 
.232 .12S 
.244 .13e 
.267 .x3 
:fE -131 .163 

.197 .117 

.a03 ,126 

.220 -115 

.243 .130 

.288 ,130 

.2l4 .132 

.217 -152 

.240 .137 

:EZ .116 .079 
.197 .I53 
,254 .lOS 
.aea .088 

80.3 
.s 

is-- 
i9 
LO 
!e 
i7 
i0 
5 

I1 
!O 
If 

2340 
9356 
4072 
412s 
4037 
4395 
3e41 
4063 
4%9 
.4c79 
4073 
3913 
3983 
4045 
3090 
3523 
3812 

E5252 
2841 
3116 
3432 
3510 
3499 
2122 
25SQ 
2462 
2532 
2383 
5665 
406a 
4257 
4511 

672 
1160 
1279 
1251 

z 
986 

--- 
2694 
2930 
3072 
3419 
3856 

k% 
3331 

:Ei 
3951 

689 
876 

1223 
726 

1348 
1387 

1734 
2271 
3468 
3527 
3432 
3761 
3256 
3*a5 
3467 
3471 
3473 
3320 
3381 
3451 
2644 
3042 
3160 
3538 
3478 
2416 
2702 
3004 
3117 
3094 

z78 
2181 
2246 

874 
2183 
2685 
2896 
3120 

518 
967 

'2 

798 
872 

2097 

z: 
%a41 
3253 
3622 
3852 
1959 
2586 
2001 
!2!3s5 

518 
507 

105s 
659 

1180 
1214 

- 

G 
cl 

- 
- 

%aeJ-injeotor bars. 
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TAIL-PIPE 2U2AIRo -Concluded 

55.82 

ZEl 
64.14 
64.44 
64.87 
64.14 
63.41 
64.20 

Z:E 
64.66 
66.18 
63.62 
63.63 
64.97 
53.74 

Z:E 
45.55 
46.89 
46.48 
45.67 
45.55 
32.16 
s2.06 
31.77 
al.71 
49.19 
47.88 

xi 
49:06 
18.13 
18.72 
16.63 
18.23 
15.75 
15.73 
13.79 

65 50 
6& 

. 

Ei:E 
64.97 

c8:z 
48.28 
47.87 
47.12 
18.23 
19.36 
19.13 
18.21 
18.32 
19.17 
18.23 

. 

I 

3 
2.373 
2.348 
2.439 
2.502 
2.618 
2.390 
2.388 
2.S88 
2.404 
2.487 
2.470 

t*z 
2:321 
2.415 
2.472 
2.583 
2.293 
2.365 

::iE 
2.605 
2.208 
2.324 
2.490 
2.698 
4.542 
2.368 
2.365 
2.4&l 
2.468 
4.498 
5.071 

::iE 
3.085 
3.170 
3.440 

2 632 
2:639 
2.748 
2.601 
2.558 
2.477 
2.501 
2.527 
2.18Q 
2.764 
2.468 

f :E 
2.597 
4.347 

2% 
2,670 

30228 “::E .0284 
-T- 
.0361 .02.15 

.0218 
:z .0220 

C=QTJ 
0.284 

.4QO 

I--- .817 
.841 
.807 

.04OQ 

:Ei 

.0254 

.0218 

.0221 
.0363 .0219 
.oS64 .0218 
.0364 .0219 
.0362 .02-20 
.0361 .0220 
.0372 no326 
:z%f . oin 

A216 

:E 2% 
.0468 .OSO4 
.0342 .0202 
.0384 .0835 
A438 .0276 
-0474 .0307 

m 
.026e 
.0287 
.0328 
.os60 
.0388 
.04la 
.0282 
l 0329 
.0328 
.0382 
.0318 

:E 
l 0355 
.04Sl 
.0464 
&&gg 

lim3-E 
.Ol55 
.017s 
.0188 
.0221 
.0240 
.0262 
.0180 
.0206 
.0211 
.024s 
.0220 
.0242 
.0255 
.0253 
.0270 
.0296 

0310 - 

.788 

.764 

:%i 
.786 

I .776 
.7l8 
.721 
.mo 
.767 
.746 
.n3 
2: 
.m3 
.6BO 
.n5 
.701 
.691 
.7u 
.761 
.744 
.707 

:E 
.a55 

:% 
:S 
.532 
.426 
.+eQ 
.494 

Tsg@ 

.Cll 

.561 

.668 

.7oQ 

.743 

.697 

.652 

.629 

.741 

.050 
,107 
.628 
.094 
.706 
.662 
.sm 

Et 
S2e8 
3272 
3397 

xi% 

2% 
3234 

iE 
2555 
2740 
2758 

Ez 

E 
2439 

iii 
1688 

?E=i 
1707 

iE?% 
2479 
2624 

749 

ii2 
961 
688 
719 
748 

tioa E 
2748 
2824 
2848 
2988 
SlQ6 
3330 

zz 
2207 
2091 
2335 

EE 

E 
ss4 

1214 

E 
1520 
1610 
1676 
1484 
1547 

E 
1519 
1490 
1478 

Ei 
1.505 

i% 
1621 
1461 

Ez 
1632 
1662 

E 
1617 
1669 

E 
1488 
1552 
3682 
1230 
1510 

EEi 

Ez 
1663 

-E- 

Et 

%r: 
I.269 
1570 
1304 

i% 

:4z 
1192 
1676 
1621 
1689 

2% xs 
5142 
3274 

E 
3104 
3115 

2% 
9097 
3117 
2448 
2626 
2646 
2742 
2784 
2125 

E 

z 
1511 
1615 
1636 
17cn 
15QQ 
2102 
2292 

E 

2 

EZ: 
662 
682 
712 

E- 
2705 
2833 
3037 

:Ei 
1952 
2084 
1988 
22&8 

E 
901 

E 

2544 
2727 

Es 
Sloe 
3222 
3043 
9106 

zi 
5079 

EE 
3076 
2420 

EE 
26B2 
2132 
2092 

PEZ 

z: 
1485 
1581 
1621 
1665 
1622 

E 
2341 
2473 

707 

z! 
800 
664 
674 
688 

7i-K 

EE 
so12 
3107 
3217 
1936 
2076 
1973 
2385 

696 

2% 
716 
945 
948 
875 

1470 
1647 
2598 
2641 

z% 
25l.8 
2698 
2552 
2571 

zi 
2468 
2628 

izz 
2624 
2712 
2846 
2386 
2492 
2758 
287s 
2958 
2438 
2778 

Et: 

kii! 
2911 
3042 
1428 

kz 

2454 
2616 
2764 
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Flgnre 1. - Inetallatlm d 535-A-5 turboJet in&no anil tail-pipe bumor in altittde VU tunnel. 
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atatiou 1, 
englue inlet 

‘I l+mbiM nozzle outlet 
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pWESUl-0 preaaure ma= 0WIples 
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FQQre 2. - czvaa eeotictu ai tail-Pipe-blmer btaU8tMu ahowing ntatiom at tiiob fuatrtubentatlm ma installed. 
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InCOnS 
atripe 

:ubes 

12-4-47 

Figure3.- FLve-stage flame holder need with c-cdiguration A. 
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I ;Tete don&ream 01 5 17110 Id 
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Detail A 

(a) Oonfiguratiagl R 

- 30" - 48°F 20*--r 

41 

I---="I 
(b) Configuratlcn B. -37 

Figure 4. - Msgrammetio &et&ma of,tail-pipe-burner &wmbly. 
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Jets at 45O 

(0) Configuration C. 

Figure 4. - contlnu0d. Diagrammatic aketchse of tail-pipe-burner assembly. 
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Deecription of fuel tube8 

Stage 1 2 3 

Diam. at center line 2% 

Jets upstream 52 2% 20 

0.035n 
holes- 

holee 
Detail 
eta&e3 

43 

I ~tail A 

2" Cuter uall 

land2 -(a) 
0 

Configuraticm D. I++ 

12 fuel-infector bars 
(see detail A) 

Figure 4. -Concluded. Di~agramumtic eketchee of tail-pipe-burner tEU3emblg. 
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12-22-47 - .--- -_. -.. --- _..- .------v..- 

Figure 5. - Dlffueer me&ion with cone pilot and fuel-injector bars used with 
conflgrrrations B ed E. 

. 
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FQure 8. - DlcpamBtic &etch of 1fplt1on ayEte?ns. 
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.70 

.50 

.30 

.lO 
(a) Combustion efficiency. 

3200 

2800 

2400 

Tail-pipe fuel-&r ratio,. (f/a)t 

(b) Exhaust-gas total temperature. 

Figure 7. - Effeot of flame-holder design on variation of exnausc-gas total 
temperature and combustion efficienay rith tail-pipe fuel-air ratio. 
Flight Maah nmber, 0.27. 
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(a) Altitude, 6000 feet. . 
.80 

.60 

(b) Altitude, 25,000 feet. 
.60 

.03 .04 .OS .06 
Tail-pipe fuel-air ratio, (f/aIt 

.07 .08 

(c) Altitude, 35,000 feet, 

Figure 8. - Effect of altitude on variation of oombustion efflciancg with 
~ tail-pipe cuei-air ratio for configurations B, C, and D, Flight Mach 

number, 0.27. 
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config- 
uration 

(a) Altitude, 5000 feet. 

3600 

2800 

(b) Altitude, 25,000 feet. 

.u3 .04 .u5 .06 
Tail-pipe fuel-air ratio, (f/a), 

(a) Altitude, 35,000 feet. 

Figure 9. - Effect of altitude on variation or exhaust-gas total temperature 
with tail-pipe fuel-air ratio for configurations 6, C, and D. Flight Mach 
number, 0.27. 
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(a) Combustion effioienay. 

-LI- -_ 

4 

I I 1 I 

I I I I I I 

(b) Exhaust-gas total temperature. 

Figure 10. - Bffeat of fuel-Infector-bar injeation on mrlation of exhaust-gaa 
total temperature and combustion efficiency with tail-pipe fuel-air ratio. 
Flight Mach number, 0.27. 
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(a) Burner-section-inlet velocity. 

(b) Turbine-outlet total temperature. 
3800 

Alts tuas 
(ft) 

h n E nnn I ab@r I I I I I IE 1;;';;;;;; 
3000 

I-P 
5;ooo 

/ / 
5,000 
5,000 
3,000 

600 
.Ol .02 .03 .04 .05 .06 

Tail-pipe fuel-air ratlo, (f/a)t 

(c) !Furbine-outlet total pressure. . 

Figure Il. - Effect of altitude on variation of burner-section- 
inlet velocity, turbine-outlet total tern erature and turbine- 
outlet total pressure with tall-pipe fue E c -air ra IO for 
configuration D. Flight ?&oh number, 0.27. 
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(a) Burner-section-inlet velocity. 

(b) Turbine-outlet total temperature. 
3000. T 

I 

Flight. 
Mach 

number me 
MO 

0 0.27 
El .92 t-4 

1800 I -1 

I Id I I l/-b-m-l .I 
.uJ. 

Tall.$~pa fuel% ratio;"?f/a)t 
.u5 

(c) Turbine-outlet total pressure. 

Figure 12. - Effect of flight Mach ntiber on variation of burner- 
section-inlet velocity, turbine-outlet tot=1 temperature, and 
turbine-outlet total pressure with tail-pipe fuel-air ratio for 
configuration D. Altitude, 28,000 feet. 
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00 

?O 

60 

40 

20 

0. 
(a) Combustion effioienoy. 

.02 .03 .04 .05 
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Ffgure 13. - Effect OS altitude. and Slight Mach number on variation OS 
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fuel-air ratio for configuration D. 



NACA RM E50Al9 

Configuration 

--B Best of' 
reference 5 

1.60 

(a) Augmented thrust ratio. 
3200 

. . 

2400 
0 .20 .40 .60 .80 

Flight Mach number, MO 
1.00 1.20 

(b) Exhaust-gas total temperature. 

Figure 14. - Variation of exhaust-gas total temperature and augmented 
thrust ratio with flight Mach number for conffguratlons B and D 
and best aonfiguration of reference 5. 
1600 oRi altitude, 25,000 feet. 
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Figure 15. - Variation of burner combustion efficienoy and speclfio fuel 
consumption based on net thrust with Slight Mach number for conflg- 
urations B and D, best configuration of reference 5, and standard engine 
tall pipe. Turbine-outlet temperature, 1600 OR; altitude, 25,000 feet. 
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Figure 16. - Effect of altitude and'flight Mach number on variation of 
tail-pipe-burner total-pressure loss with exhaust-gas total tempera- 
ture for configurations A, B, C, D, and E. 
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